The demand for establishment of high-throughput biodosimetric methods is increasing. Our aim in this study was to identify low-molecular-weight urinary radiation-responsive molecules using electrospray ionization Fourier transform mass spectrometry (ESI-FT MS), and our final goal was to develop a sensitive biodosimetry technique that can be applied in the early triage of a radiation emergency medical system. We identified nine metabolites by statistical comparison of mouse urine before and 8 h after irradiation. Time-course analysis showed that, of these metabolites, thymidine and either thymine or imidazoleacetic acid were significantly increased dose-dependently 8 h after radiation exposure; these molecules have already been reported as potential radiation biomarkers. Phenyl glucuronide was significantly decreased 8 h after radiation exposure, irrespective of the dose. Histamine and 1-methylhistamine were newly identified by MS/MS and showed significant, dose-dependent increases 72 h after irradiation. Quantification of 1-methylhistamine by enzyme-linked immunosorbent assay (ELISA) analysis also showed a significant increase 72 h after 4 Gy irradiation. These results suggest that urinary metabolomics screening using ESI-FT MS can be a powerful tool for identifying promising radiation-responsive molecules, and that urinary 1-methylhistamine is a potential radiation-responsive molecule for acute, high-dose exposure.
INTRODUCTION
Human beings have already experienced some serious radiation accidents. Among these, the JCO criticality accident, in which three workers at a conversion test facility in Japan were heavily exposed to radiation (up to 20 GyEq) in 1999, is relatively fresh in our mind [1] . These workers showed varying symptoms of acute radiation syndrome. On the other hand, fortunately, after the Fukushima Daiichi nuclear power plant disaster in Japan, which occurred in March 2011, none of the workers showed acute radiation syndrome [2] . As radiation usage is increasing, not only in nuclear power plants, but also in medical and industrial applications, another radiation disaster could occur. Dose estimation using biological materials may save a person who has potentially been exposed to ionizing radiation, because it is well known that the health effects induced by radiation exposure are completely dependent on the total radiation dose, as indicated by the JCO accident [1] . To date, counting chromosome aberrations, including dicentric and ring chromosomes, has been the most accurate method for estimating exposure dose; however, it is time-consuming and requires expertise. Therefore, the development of a simple highthroughput method to evaluate the existence of radiation exposure is desirable.
Using matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry, we have previously shown that hepcidin-2 in mouse urine is a radiation-responsive candidate molecule [3] . The upregulation pattern of hepcidin-2 was shown to differ between high-and low-dose radiation exposure and was induced, at least in part, by the expression of the hepcidin-2 gene in the liver. These results indicated that newly developed, high-sensitivity mass spectrometry techniques can enable us to identify new radiation biomarkers for dose estimation.
Diverse materials, including organic acids, amino acids, purines, pyrimidines and monosaccharides, exist not only in blood but also in urine, and measurements of these low-molecular-weight metabolites in blood or urine have provided much useful information for disease diagnosis. Urine normally contains a low protein level, a small number of cells, and many metabolites, and has a metabolic signature derived from many biochemical pathways [4] . Measurement of specific metabolite levels in urine has become an important method for detecting disease in its early stages [5, 6] . The individual metabolic state is regarded as normally stable [7] , which suggests that the damage induced by radiation exposure might alter the amount of certain metabolites in urine, ideally in a dose-dependent manner.
In this study, urine specimens obtained from mice before and after radiation exposure, or after sham-irradiation, were analyzed by electrospray ionization Fourier transform mass spectrometry (ESI-FT MS) to identify radiation-responsive molecules, particularly lowmolecular-weight metabolites. The statistical comparison of mouse urine samples before and 8 h after irradiation allowed us to identify nine candidate metabolites. Time-course analysis showed that thymidine and either thymine or imidazoleacetic acid, which have already been reported as potential radiation biomarkers, were significantly increased dose-dependently 8 h after radiation exposure [8, 9] . Levels of phenyl glucuronide were significantly decreased 8 h after radiation exposure, irrespective of the dose. Histamine and 1-methylhistamine were newly identified by MS/MS and showed significant, dose-dependent increases 72 h after irradiation. Quantification of 1-methylhistamine by enzyme-linked immunosorbent assay (ELISA) showed a significant increase 72 h after 4 Gy irradiation.
MATERIALS AND METHODS

Ethics
The Animal Experimentation Committee of Hiroshima University, Hiroshima, Japan, approved all the animal experiments.
Animal experiments and gamma irradiation
The animal experiments and gamma irradiation technique have been previously described in detail [3] . Eight-week-old male B6C3F1/Crlj mice were purchased from Charles River Laboratories Japan Inc. (Yokohama, Japan). At nine weeks of age, the mice were exposed to whole-body gamma radiation from a 137 Cs source (Gammacell; Best Theratronics, Ottawa, Canada) at a dose rate of 1.0 Gy/min, or sham-irradiated. The urine samples of each mouse were collected directly into tubes before and after gamma irradiation. We could not collect urine from all mice at each time point; irradiated mice appeared to have smaller urine volumes. For this reason, we analyzed the urine of only a subset of mice. Collected urine samples were kept at −80°C until analysis. Each animal experiment (Table 1 ; n = 6, Figs 3 and 4; n = 5) was performed independently. Log ratio of the average intensity value of '8 h after 4 Gy irradiation' to that of 'before irradiation'. Predicted formulae of each molecular mass were determined by METLIN, and were searched against the Human Metabolome Database to match previously identified metabolites in normal human urine.
Electrospray ionization Fourier transform mass spectrometry analysis
Defrosted urine samples (10 μl) were mixed with 990 μl of ice-cold methanol/0.1% formic acid (v/v) and deproteinized by centrifugation. Alpha-cyano-4-hydroxycinnamic acid was added to each deproteinized sample at 40 μM final concentration. ESI-FT MS was performed on an LTQ Orbitrap XL (Thermo Fisher Scientific, San Jose, CA) equipped with an autosampler (Accela, Thermo Fisher Scientific). Samples (5 μl) were injected at a flow rate of 200 μl/min using methanol as the mobile phase. Positive ion mode was set as follows: ion source voltage 5 kV, capillary voltage 32 V, capillary temperature 330°C, sheath gas flow 35 l/h, aux gas flow 10 l/h. Data within the range m/z 100 to 1000 were collected for 1 min, and maximum injection time was 500 ms. The MS resolution was set at 60 000 and mass calibration was performed using the Polytyrosine 1, 3, 6 standard (CS Bio Corp., Menlo Park, CA). The obtained spectra were processed with Xcalibur Qual Browser software (Thermo Fisher Scientific), and after normalization with creatinine, these values were statistically analyzed.
To identify putative urinary radiation-responsive molecules, MS/MS measurements were performed using an LTQ Orbitrap XL equipped with a fine-precision XYZ stage (NTMS, Nikkyo Technos Co. Ltd, Tokyo, Japan). Urine samples (5 µl) were loaded into a nanospray tip (HUMANIX, Hiroshima, Japan) using GELoader tips (Eppendorf, Hamburg, Germany). Positive ion mode was set as follows: ion source voltage 1.0-1.3 kV, capillary voltage 32 V, capillary temperature 120°C. The MS resolution was set at 60 000. Data within the range m/z 100 to 1000 were collected; maximum injection time was 500 ms. After selection of the precursor ion, data within the range m/z 50 to 500 were collected under a collision energy of 20-30 eV. Mass calibration was performed using the Polytyrosine 1, 3, 6 standard. The obtained spectra were processed using Xcalibur Qual Browser software.
ELISA analysis of 1-methylhistamine
ELISA analysis of 1-methylhistamine in the urine samples was performed using a 1-methylhistamine ELISA kit (DLD Diagnostika GmbH, Hamburg, Germany) according to the manufacturer's instructions. ELISA analysis of creatinine was also performed according to the manufacturer's instructions (R&D systems, Minneapolis, MN), to normalize the obtained data.
Data analysis
To identify candidate metabolites, each molecular mass was searched against the METLIN database (Metabolite and Tandem MS Database; http://metlin.scripps.edu/) at an accuracy of 5 ppm with either hydrogen, sodium or potassium adducts, and then each possible formula was searched against the Human Metabolome Database (http://www.urinemetabolome.ca/) for matches with known metabolites in normal human urine. The results are presented as mean ± SD. Statistically significant differences between groups were tested with Welch's t-test, and P < 0.05 was accepted as statistically significant.
RESULTS
Identification of radiation-responsive, low-molecularweight molecules in mouse urine
To identify urinary radiation-responsive, low-molecular-weight molecules, ESI-FT MS analysis was performed. Figure 1 shows representative ESI-FT MS spectra from mouse urine. The average peak intensity of mouse urine before, and 8 h after 4 Gy irradiation was compared statistically (Welch's t-test, P < 0.01), and an absolute log fold change >0.30 was set as the significance cut-off, identifying 39 candidate changes in peak intensity. Table 1 (a detailed summary of all metabolites is shown in Supplementary Table 1 ). Histamine and 1-methylhistamine were identified and verified through the database search and MS/MS analysis ( Fig. 2A and B) .
Time-course analysis of these candidate metabolites after radiation exposure
To evaluate the possibility of using the candidate metabolites (as shown in Table 1 ) as radiation-responsive molecules, time-course analysis was performed using ESI-FT MS (Fig. 3, Supplementary Fig. 1 and Supplementary Table 2) . Time-course analysis showed that the kinetics after radiation exposure were roughly divided into three patterns (i.e. the peak changes that were induced at 8 h, 24 h and 72 h after irradiation). It was shown that levels of thymidine, cytosine, N-formylmethionine and either thymine or imidazoleacetic acid were increased 8 h after irradiation, and then decreased to basal levels 48 h after irradiation (Fig. 3A, left panel) . Of these, levels of thymidine and either thymine or imidazoleacetic acid were significantly increased dose-dependently 8 h after irradiation (Fig. 3A, right panel) . Levels of N-formylmethionine and phenyl glucuronide were significantly increased and decreased, respectively, 8 h after irradiation, irrespective of the dose (Fig. 3A, right panel) . The change in norepinephrine sulfate level was shown not to be radiation responsive, partly due to the variety of individual differences, the limit of the measurements and the number of mice available (n = 5). Levels of either succinic acid semialdehyde, acetoacetic acid or 3-methyl pyruvic acid were also shown to have increased dose-dependently 24 h after irradiation (Fig. 3B, right panel) . In contrast, 8 h after irradiation, the histamine and 1-methylhistamine levels increased irrespective of the dose, suggesting a possible stress response effect induced by the experimental procedure for these mice (Fig. 3C, left panel) . Levels of both metabolites were significantly increased dose-dependently 72 h after irradiation (Fig. 3C, left panel) . Finally, we quantified 1-methylhistamine levels. ELISA analysis showed a statistically significant increase of 1-methylhistamine 72 h after 4 Gy irradiation (Fig. 4) .
DISCUSSION
In this study, we identified 39 radiation-responsive candidate metabolites through changes in peak intensity by using ESI-FT MS.
A database search identified those peaks showing changes as nine metabolites (Table 1) ; histamine and 1-methylhistamine were also verified by MS/MS analysis (Fig. 2) . Time-course experiments showed that levels of all of these metabolites, with the exception of N-formylmethionine, norepinephrine sulfate and phenyl glucuronide, were increased dose-dependently after radiation exposure, but the kinetics were not identical. Five metabolites showed significant increases either 8 h (thymidine, N-formylmethionine and either thymine or imidazoleacetic acid) or 72 h (histamine and 1-methylhistamine) after radiation exposure (Fig. 3) . On the other hand, the level of phenyl glucuronide was significantly decreased 8 h after irradiation. ELISA analysis showed a statistically significant increase in 1-methylhistamine at 72 h after 4 Gy irradiation (Fig. 4) . Thymidine, thymine and cytosine have already been identified as biomarkers of radiation exposure [8, 9] , and our data (Fig. 3A) Non-Radiation-Pos #1-88 RT: 0. showed the same tendency, suggesting the possibility of identical metabolites.
Histamine is known to be involved in immediate-type allergy reactions, and is produced by macrophages and neutrophils during inflammation [10, 11] . Exposure to ionizing radiation has been reported to increase blood levels of histamine in humans undergoing radiation therapy [12] , as well as in irradiated rats [13] . Recent findings demonstrated that histamine treatment reduced mucosal injury of the small intestine after radiation exposure [14] , and that histamine reduced ionizing radiation toxicity in bone marrow cells in mice [15] . These observations suggest that histamine release has an important physiological role in counteracting the acute effects of radiation exposure.
1-Methylhistamine is formed from histamine by the enzyme histamine methyltransferase [16] . Endogenous 1-methylhistamine has been found in human body fluids and in tissues. It is well known that the intake of histamine-rich food may influence the urinary excretion levels of histamine and 1-methylhistamine [17] . Evaluations of 1-methylhistamine have shown it to be a good surrogate marker for histamine, as 1-methylhistamine is more stable than histamine in urine [18] . The increase in urinary 1-methylhistamine was also shown to be an indicator of histamine release in immediate allergic reactions [19] . Our observation indicated that 1-methylhistamine was a potential radiation-responsive molecule. However, the use of this molecule as a radiation biomarker might be limited only to highdose exposure because the release of histamine is also induced by either inflammation or the stress response (Fig. 3C ). Imidazoleacetic acid is another histamine metabolite, converted by diamine oxidase [16] . We could not identify m/z 127.050 by MS/MS analysis; however, the time-course analysis result suggested that it was mainly thymine, as the kinetics look similar to those of thymidine. Biological significance of the changes in the other radiation-responsive candidate metabolites (N-formylmethionine, either succinic acid semialdehyde, acetoacetic acid or 3-methyl pyruvic acid, and phenyl glucuronide) has not yet been demonstrated, and further investigation will be needed. Increased DNA degradation and cell turnover are events that take place after the initial responses to radiation, and are key processes for the urinary excretion of metabolites including thymidine, cytosine and thymine [8, 9] . The excretion of thymidine in urine has been reported to be undetectable by 48 h after irradiation [20] , consistent with our observation (Fig. 3 and Supplementary Fig. 1 ). On the other hand, histamine and its derivative, 1-methylhistamine, are related to inflammation, and we observed them to increase gradually at least up to 72 h after irradiation. Thus, the mechanism of induction of these metabolites, at least in part, explains their different time-dependent changes in level (Supplementary Fig. 1 ). This would be the advantage of using 1-methylhistamine as a biomarker of high-dose-radiation exposure, because many of the affected people in a radiation accident could be examined only after a few days. Development of radiation biomarkers for a longer time (1 week) after radiation exposure is thus warranted. Indeed, some metabolites associated with perturbation of important biological processes (fatty acid beta oxidation, steroid hormone biosynthesis, etc.) have been identified as longer-term radiation biomarkers [21] . Combinations of biomarkers measured at different time points will improve the accuracy of radiation biodosimetry.
In the present study, we describe an analysis of candidate metabolites of radiation exposure using positive ion mode ESI-FT MS. In general, MS coupled with reversed-phase ultra-performance liquid chromatography has been predominantly applied in radiationmetabolomics analysis [9, [22] [23] [24] . This reversed-phase liquid chromatographic separation is a very popular and reliable method; however, the ability to analyze polarized, ionic species (e.g. amino acids) is limited due to poor retention of these molecules [25] . Without applying chromatographic separation, we could identify histamine (known to have a high polarity) using ESI-FT MS analysis. ESI positive ion mode is known to be more sensitive than negative ion mode, due to the ease of cationization of molecules. Analysis in negative ion mode will be necessary for the establishment of radiation biodosimetric methods.
In conclusion, our observations have demonstrated the possibility of using metabolites, including 1-methylhistamine, as radiationresponsive molecules, but further investigation is warranted for the development of new biodosimetry methods for radiation exposure. 1-methylhistamine levels were normalized with creatinine (mg/g creatinine). Vertical bars extend from the minimum to the maximum value; box, 25 and 75 percentiles; horizontal bar, median. *P < 0.05, compared with shamirradiated samples.
